Recent studies have shown that constitutive activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) in Schwann cells (SCs) increases myelin thickness in transgenic mice. In this secondary analysis, we report that these transgenic mice develop a postnatal corneal neurofibroma with the loss of corneal transparency by age six months. We show that expansion of non-myelinating SCs, under the control of activated ERK1/2, also drive myofibroblast differentiation that derives from both SC precursors and resident corneal keratocytes. Further, these mice also harbor activated mast cells in the central cornea, which contributes to pathological corneal neovascularization and fibrosis. This breach of corneal avascularity and immune status is associated with the growth of the tumor pannus, resulting in a corneal stroma that is nearly four times its normal size. In corneas with advanced disease, some axons became ectopically myelinated, and the disruption of Remak bundles is evident. To determine whether myofibroblast differentiation was linked to vimentin, we examined the levels and phosphorylation status of this fibrotic biomarker. Concomitant with the early upregulation of vimentin, a serine 38-phosphorylated isoform of vimentin (pSer38vim) increased in SCs, which was attributed primarily to the soluble fraction of protein-not the cytoskeletal portion. However, the overexpressed pSer38vim became predominantly cytoskeletal with the growth of the corneal tumor.
in oligodendrocytes and SCs in the homozygous CnpCre;Mek DD / Mek DD transgenic line leads to progressive neurological deficits, accompanied by dysregulation of myelination, and axonal degeneration in the sciatic nerve and spinal cord (Ishii, Furusho, Dupree, & Bansal, 2016) . Notably, both the heterozygous (Ishii et al., 2013) and homozygous (Ishii et al., 2016) transgenic mouse lines developed severe abnormalities in the eye, characterized by postnatal proptosis, and revealed opacification of the cornea.
The transparent cornea is a specialized tissue that is innervated by non-myelinated axons that are adapted to serve its unique light refractive and sensory functions (Shaheen, Bakir, & Jain, 2014; Muller, Marfurt, Kruse, & Tervo, 2003; Belmonte, Acosta, & Gallar, 2004) .
These corneal axons arise from myelinated peripheral limbal fibers that enter the posterior corneal stroma, where they lose their perineurium and myelin sheaths. In mice, the corneal nerves are remodeled postnatally between 1 and 1.5 months (M), reaching maturity by 2 M following an increase in the cornea with age (He & Bazan, 2015) . Corneal axons are ensheathed by non-myelinating SCs (nmSCs) that form Remak bundles (Muller et al., 2003) . Stromal keratocytes also lie near nerve bundles and occasionally wrap axons through cytoplasmic extensions (Muller, Vrensen, Pels, Cardozo, & Willekens, 1997) .
Just as SCs provide trophic support to axons (reviewed in: Mirsky, Parmantier, McMahon, & Jessen, 1999) , stromal keratocytes, through a similar trophic interdependent mechanism with axons, might also govern corneal homeostasis (reviewed in: Shaheen et al., 2014) , which has significance in pathological situations, such as after injury and tumorigenesis (Zheng et al., 2008; Ribeiro et al., 2013) . In this respect, injury to the cornea promotes keratocyte differentiation into wound fibroblasts, which develop further into contractile myofibroblasts, as a functional adaptation to support tissue repair via cell proliferation and cell migration (Fini & Stramer, 2005) . The type III intermediate filament (IF) protein vimentin is pivotal in this process, aiding in mechanosensory activities through its upregulation (Bargagna- Mohan et al., 2012; Gregor et al., 2014; Herrmann, Bar, Kreplak, Strelkov, & Aebi, 2007) .
Phosphorylation of vimentin effects dynamic changes in the cytoskeletal structure through depolymerization of its filamentous form into soluble vimentin (sVim) for various functions, including cell signaling (Eriksson et al., 2004; Helfand, Chou, Shumaker, & Goldman, 2005; Cogli, Progida, Bramato, & Bucci, 2013; Robert, Hookway, & Gelfand, 2016) . The sVim can bind and sequester activated ERK1/2 (pERK1/2), preventing its inactivation by phosphatases (Perlson et al., 2006) . This also enables sVim to assist in the retrograde transport of pERK1/2 during axonal injury repair (Perlson et al., 2005) . Recently, a soluble form of vimentin that is phosphorylated at its serine 38-residue (pSer38vim) was implicated in the nuclear import of pERK1/2 in corneal myofibroblasts (Bargagna- Mohan et al., 2015) . Further, corroborating evidence from in vivo mouse corneal injury studies demonstrated that chronic upregulation of soluble pSer38vim and nuclear localization of pERK1/2 are associated with fibrosis (Bargagna- Mohan et al., 2015) .
These findings have led to the hypothesis that myofibroblasts alter the phosphorylation state of vimentin and produce more soluble pSer38vim to drive fibrotic cellular signaling events (Bargagna-Mohan et al., 2012; Bargagna-Mohan et al., 2015; Mohan & Bargagna-Mohan, 2016) . Thus, based on the findings that ERK1/2 activation and sVim are regulated synergistically during nerve injury and in non-injury pathological paradigms (Perlson et al., 2006; Toda et al., 2012; Chang et al., 2012; Namgung, 2014; Ishii et al., 2016) , we examined whether this relationship also exists in the cornea of CnpCre;Mek DD /1 mice and if it is directly or indirectly related to the corneal pathology in them.
This study has identified a novel corneal phenotype (neurofibroma)
that results from sustained activation of ERK1/2 in nmSCs and provides correlative evidence that suggests a link between vimentin and ERK1/2 over activation in this novel corneal pathology.
| MATERIALS A ND METHODS

| Gene-targeted mice
The development of CnpCre;Mek DD /1 mice has been previously described (Ishii et al., 2013; Ishii et al., 2016 (Ishii et al., 2013; Gravel, Di Polo, Valera, & Braun, 1998; Toma et al., 1992 The mouse numbers are indicated in the figure legends. The CnpCre;Mek DD /Mek DD homozygous mice (Ishii et al., 2016) show an earlier onset of ocular disease with greater severity. As the CnpCre;Mek DD /1 mice were more conducive to the temporal analysis of corneal pathology we performed the secondary analysis of the corneal phenotype in this heterozygous transgenic line employing equal numbers of both male and female mouse eyes. Mice were housed in specific pathogen free cages in designated laboratory animal housing facilities. All experiments were conducted in accordance with procedures approved by IACUC committee of the University of Connecticut Health Center.
| Western blot analysis
The CnpCre;Mek DD /1 (mutant) and control mice were euthanatized by perfusion with phosphate buffered saline as described previously (Ishii et al., 2016) . Eyes were enucleated, frozen on dry ice, and stored at 2808C. To isolate corneas, eyes were dissected over an ice-cold bath with the aid of a scalpel blade employing a circular incision along the limbus rim. The corneas were separated from the posterior segments, after which, the conjunctiva and iris were removed. Clean corneal buttons from three different mutant mice were randomly combined, and similarly with controls, to process for western blot analysis (Bargagna- Mohan et al., 2012 
| Immunoprecipitation analysis
Rat primary SCs were purchased from a commercial vendor (cat # R-1700, ScienceCell Research Labs) and cultured according to the manufacturer's instructions in 100 mm culture plates at 70% confluency.
Cells were serum-starved (0.1% fetal bovine serum containing medium)
for 18 h, and the day after, platelet derived growth factor (PDGF, 50 ng/ml, cat # P8953) was added to cells for 15 min. Cells were washed once with 1x Dulbecco's phosphate balanced saline (PBS, cat# 10010-23, Gibco) solution, and soluble proteins were prepared for immunoprecipitation analysis as previously described (Bargagna-Mohan et al., 2015) . Blots were probed with the following antibodies: rabbit anti- 
| Image analysis
All corneal tissue section digital images were acquired on an inverted Olympus IX81 microscope, using equal exposure time for both wavelengths (FICT and TRICT). A few samples that showed residual background with antibody staining needed deconvolution to reduce the background. This processing did not alter the specific staining pattern of the antibody, but was employed merely to enhance the image quality. All images were imported in Adobe Photoshop and manually color combined. To better visualize particular overlapping areas in some samples, defined areas of a combined image were cropped, imported in a new Photoshop canvas, and enlarged. Then adjustments on brightness/ contrast were made. With this method, we could enhance simultaneously both fluorescence intensities (FITC and Texas red), while still maintaining the original ratio of the two colors.
| Transmission Electron Microscopy
We followed a protocol previously described to fix corneas for electron microscopy (Bargagna- Mohan et al., 2012) . In brief, corneal samples from control and 6.3M CnpCre;Mek DD /1 mice were obtained and the central part of the cornea was excised and used for transmission electron microscopy (TEM).
| Data analysis and statistics
In this secondary eye analysis from control and mutant mice of different age groups, samples were collected in the donor investigator's laboratory, at different harvest times and from different sets of breeding colonies. This process was also randomized for selecting the mouse By TEM analysis of central corneas of mutants at age 6.3 M (Fig.   2B ), this pannus showed a heterogeneous population of cells, enlarged blood vessels (Fig. 2B, panel i) , and disorganized collagen fibers or lacked these fibers altogether (Fig. 2B, panel ii, asterisks) . Notably, underneath this subepithelial pannus lay native, well-organized stromal tissue with intact organization of collagen fibers and spindle-like fibroblasts (Fig. 2B, dotted line, panel ii) , similar in structure to the corneal stroma of control mice ( Fig. 2A) . Further, there was considerable loss of cell-cell contact between basal epithelial cells, and the basement membrane (BM) was absent in certain areas (Fig. 2B, panel iv) , with increased cellular density in the epithelium, similar to that of the conjunctiva (Kruse, Chen, Tsai, & Tseng, 1990; Kawashima et al., 2010) . Epith 5 epithelium; Str 5 stroma; Endoth 5 endothelium. Nuclei stained with DAPI (blue). N 5 3-6/group characterizing the stromal pathology in the mutant mice. Interestingly, whereas the 6 M mutant mice showed increased thickness of the corneal epithelium, a thinner epithelium was found in 8 M corneas as the overall corneal tissue became generally stiffer. These corneas were also challenging to section for histology due to the fibrotic pannus.
3.2 | Constitutive activation of Schwann cell expansion in CnpCre;Mek DD /1 mouse cornia
To characterize the effects of ERK1/2 over activation in nmSCs in the cornea, we initially stained tissue sections from control mice for glial fibrillary acidic protein (GFAP), a marker of nmSC (Jessen, Morgan, Stewart, & Mirsky, 1990) . We could exploit this antibody to detect nmSCs in the cornea because other types of GFAP-expressing cells (i.e., astroglia) are not present in this tissue (Espana et al., 2005) . GFAP was detected in corneal stromal cells at low abundance ( (Fig. 3A) ; the staining for GFAP was prominently increased at 8.0 M in the tumor pannus and showed greater expression in the posterior stroma where EGFP was strongly coexpressed (Fig. 3A) . EGFP 1 cells also colocalized with S-100, a biomarker of various stages in SC differentiation (from immature SCs to mSCs and nmSCs; Liu et al., 2015b) , starting at 1.4 M (Fig. 3B ). Only at later ages (6.3 M and 8.0 M) did EGFP 1 cells become co-stained for KROX-20 (Darbas et al., 2004 ; Fig. 3C ) and myelin basic protein (MBP), two prominent markers of promyelinating SCs (pro-mSCs) and mSCs (Liu et al., 2015b ; Fig. 3D ). These findings demonstrate that the expression of nmSCs predominates at early stages but that as neoplastic events become evident, other differentiated immature and mature mSCs participate in the corneal stromal pathology.
Examination of the ultrastructure of the corneal samples from 6-Mold CnpCre;Mek DD /1 mice by TEM revealed that the nmSCs had an aberrant organization and that Remak bundles in the pannus tissue were disrupted, compared with the normal bundles in controls (Fig. 4A vs 4C ). (Fig. 4C ). To confirm these findings, we also immunostained tissue sections using an antibody against bIII-tubulin, which stains corneal axons (He & Bazan, 2016) . EGFP 1 cells associated occasionally with bIIItubulin-stained axons (Fig. 4D ), around which EGFP 1 cells wrapped (Fig.   4D , enlarged panels). These data demonstrate that during the early course of corneal stromal disease, nmSC expansion drives the initiation of corneal pathology, whereas at later stages, when extensive vascularization of the cornea and structural changes in the collagen matrix become evident, ectopic myelination of corneal nerves is observed. Thus, we monitored vimentin and a-SMA expression in control and mutant corneas by immunofluorescence (Fig. 6 ). Vimentin staining increased in the corneal stroma of mutant samples at 2.6 M (Fig. 6, upper right panel), compared with control samples (Fig. 6 , upper left panel), and colocalized with several EGFP 1 cells (Fig. 6 , enlarged bottom panels). By 8.0 M, most of the mutant stromal pannus was occupied by EGFP 1 cells, which showed colocalization with vimentin ( Fig.   6 , right enlarged bottom panels). We found a-SMA expression showed a similar pattern becoming detected at 2.6 M in corneal stroma of mutants with co-localization with numerous EGFP1 cells (Fig. 7 , right enlarged bottom panels). As anticipated, the staining for a-SMA expression was very prominent in mutant corneas from 8-M-old corneal samples that had become fibrotic (Fig. 7) .
In the western blot analysis, we extracted and separated the soluble and cytoskeletal (insoluble) forms of vimentin, considering that any changes in the soluble form of vimentin that binds to pERK1/2 would not be detected by IHC (Bargagna- Mohan et al., 2015) . In mutant corneas, the soluble form of vimentin at 2.2 M showed an increase in expression products at 37 and 25 kDa also being observed (Fig. 8B) , likely generated through proteolysis by caspases (Lahat et al., 2010) . and PDGF-treated SCs were immunoprecipitated for pERK1/2, and the protein blots were probed for pSer38Vim. We observed greater amounts of soluble pSer38Vim in complex with pERK1/2 in PDGFtreated SCs, compared with control cells (Fig. 11B) . These data indicate that soluble pSer38vim, through its upregulation in PDGF-activated SCs forms protein-protein complexes with activated ERK1/2, which could be involved in ERK1/2-mediated cell signaling events.
| DISCUSSION
We have demonstrated that constitutive activation of ERK1/2 (above homeostatic levels) in nmSCs results in the development of corneal neurofibroma in adult mice-a phenotype that has not been reported in any mouse model of RAS/MAPK/ERK signaling (Jindal, Goyal, Burdine, Rauen, & Shvartsman, 2015) . As such, the CnpCre;Mek DD /1 mice is also the first genetically engineered mouse that spontaneously develops a corneal tumor. 
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The avascular cornea contains nonmyelinated sensory nerve fibers that are maintained throughout life (Belmonte et al., 2004; Shaheen et al., 2014) . These axons enter from the limbus via the posterior corneal stroma and ascend apically, giving forth to several branches that ultimately undergo postnatal remodeling at approximately age one month, attaining their adult structure by age two months. Our findings correlate nmSC expansion with the timing of this postnatal nerveremodeling event that is reported to occur over the maturation of the adult cornea by age eight weeks (He & Bazan, 2015) . Thus, we envision three possible models in which ERK1/2 activation of nmSCs cells could initiate corneal pathology. In the first model, activated nmSCs could disrupt the trophic balance at the SCs-axon interface when stromal nerves are actively engaged in structural remodeling. In a second model, during the pruning of nerves at approximately two months of age (Wang, Fu, Xia, & Li, 2012) , signals from the epithelium could affect the SCs trophic balance at the SCs-axon interface. In the third model, activated nmSCs could dedifferentiate into a highly plastic precursorlike stage (Feltri, Poitelon, & Previtali, 2016; Napoli et al., 2012) , wherein some of these cells redifferentiate into nmSCs, myelinating SCs, or endoneurial fibroblasts/myofibroblasts (Joseph et al., 2008) . If
SCs dedifferentiate into myofibroblasts via a precursor, then one could expect a-SMA expression, which marks mature myofibroblasts, to overlap with EGFP1 cells. By age 2.6 M, numerous EGFP1 cells co-stained for a-SMA, suggesting that contributions from SC-/neural crestderived myofibroblasts are made early during corneal pathology. These myofibroblasts remain sustained in the mutant corneas even at 8 M, possibly in response to the release of TGF-b and PDGF (Yamazaki et al., 2009) . Alternatively, the trophic imbalance at the SC-axon interface might activate axons to stimulate epithelial nerve terminals distally (Stepp et al., 2016) causing the epithelium (i.e., the second model) to secrete TGF-b (Shaheen et al., 2014) . The perturbation of epithelial homeostasis was evident in the mutant corneas as mice aged, thus, the epithelium also becomes involved in exacerbating this pathology. However, we have not investigated what role the epithelium plays in this corneal pathology, which remains to be unraveled.
In either case, mature a-SMA-expressing myofibroblasts, through deposition of extracellular matrix (ECM) proteins, can maintain their differentiated state (Wilson, 2012) and promote a feedforward loop, mimicking conditions similar to that produced by nerve injury (Okada et al., 2015) . Sustained activation of ERK1/2 in Mast cells are an important contributor to SC-derived tumors (Monk et al., 2007 et al., 2015a) . Instead, significant increases in mast cell numbers in mutant corneas occurred much later (4 M) after SCs expansion and myofibroblast differentiation (as discussed earlier). Activated SCs could recruit mast cells to the neoplastic site (Monk et al., 2007) by producing the potent factor c-kit (Yang et al., 2003; Zheng et al., 2008) . Further, by secreting complex factors (VEGF, PDGF, and metalloproteinases), mast cells would further amplify the inflammatory milieu by recruiting other cell types for participation in the neoplastic process (Monk et al., 2007; Zheng et al., 2008) .
Notably, in sciatic nerves of CnpCre;Mek DD /1 mice even though mast cells infiltrate the tissue around three months, in contrast to the cornea, the sciatic nerves of these mutants do not develop tumors (Ishii et al., 2016) . The reason for these tissue-and organ-related differences between the eye and sciatic nerve are unknown, but these disparities underscore the unusual sensitivity of the eye to ERK1/2-induced SC- (Zhu et al., 2002) . In human NF-1 patients, the cornea harbors thicker nerves and, rarely, diffuse corneal neurofibromas have also been reported to occur (Edward et al., 2012; Sanchez-Huerta et al., 2003) . Transgenic mouse models recapitulate many of the clinical features of human NF-1 (Jindal et al., 2015) , but the corneal neurofibromas found in the CnpCre;Mek DD /1 mice have not been reported in any of these lines. NF-1/1 heterozygous mice are nevertheless prone to increased corneal angiogenesis compared with their wild-type counterparts when subjected to experimental corneal neovascularization (Wu, Wallace, & Muir, 2006 )-this report is notable, because NF-1-deficiency in SCs of adult mice can initiate hyperplasia of the nerves but is insufficient in driving neurofibromas in the adult PNS.
It is believed that the tissue environment around activated nmSCs/axons helps to overcome this barrier (Ribeiro et al., 2013) .
Because sustained ERK1/2 expression leads to ectopic myelination of corneal nerves only after fibrovascularization of the cornea, reminiscent of a wound environment (Ribeiro et al., 2013; Parrinello & Lloyd, 2009 ), the extensive degeneration of Remak bundles might provide a favorable niche for causing neoplastic transformation (Zheng et al., 2008) . In adult NF-1-deficient mice, the degeneration of Remak bundles occurs due to the expansion of several types of abnormal nmSCs that are believed to drive the development of neurofibromas in sciatic nerves (Zheng et al., 2008) . We hypothesize that a similar mechanism promotes corneal neurofibromas in CnpCre;Mek DD /1 corneas, as degeneration of Remak bundles was also observed in corneas of mutant adult mice.
Vimentin is a cellular mechanosensor of the tissue environment (Gregor et al., 2014) , wherein increasing tissue stiffness of the ECM causes soluble vimentin to skew its distribution predominantly toward its polymeric cytoskeletal form as cells adapt their cytoskeletal elements to generate forces that enable tissue contraction (Johnson, Tang, Carag, Speicher, & Discher, 2007) . This process is orchestrated by changes in the phosphorylation and dephosphorylation of vimentin (Snider & Omary, 2014) , which also occur when alterations in cell morphology are needed to promote cell polarization for migration (Lowery, Kuczmarski, Herrmann, & Goldman, 2015) . During injury repair, corneal keratocytes undergo a shift in vimentin phosphorylation, increasing their levels of pSer38vim initially during differentiation into myofibroblasts, and maintain high pSer38vim expression during development of fibrosis (Bargagna- Mohan et al., 2015) . By IHC and western blot, pSer38vim was upregulated early in CnpCre;Mek DD /1 corneas; thus, the initial production of soluble pSer38vim, coinciding with nmSC expansion, could be interpreted as the differentiation of nmSCs into perineurial fibroblasts and myofibroblasts (Motohashi, 2015; Roh, 2006) . This mechanism could be similar to soluble pSer38vim expression during corneal fibroblast differentiation into myofibroblasts that occurs with injury (Bargagna- Mohan et al., 2015) . Alternatively, the increase in soluble pSer38vim expression might be linked to nmSCs altering their cell polarity, akin to that during axonal sorting (Feltri et al., 2016) that is similar to soluble pSer38vim production during formation of lamellipodia (Helfand et al., 2005; Helfand et al., 2011; Mohan & Bargagna-Mohan, 2016) . As evidenced by the overlap between EGFP1 cells with a-SMA, ERK1/2 over activation in these SC-derived myofibroblasts increases the population of myofibroblasts. Resident corneal keratocytes also effect the pathology through differentiation into myofibroblasts (Jester, Huang, Petroll, & Cavanagh, 2002 )-many EGFPnegative cells stained positively for a-SMA, identifying a mixed etiology of profibrotic and tumor cells (Ribeiro et al., 2013; Zheng et al., 2008) that drive corneal neurofibroma (Sanchez-Huerta et al., 2003) .
Taken together, our novel findings demonstrate that corneal neurofibroma develops from ERK1/2 over activation in nmSCs. Because this pathology has some similarities with NF-1 corneal tumors in humans (Edward et al., 2012; Sanchez-Huerta et al., 2003) , the CnpCre;Mek DD /1 mouse might be a useful model for testing therapeutics that target ERK1/2.
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